A continuous exposure of intact avocados (Persea americana) to 400 ul/l of cyanide results in a rapid increase in the rate of respiration, followed by a rise in ethylene production, and eventual ripening. The pattern of changes in the glycolytic intermediates glucose 6-phosphate, fructose diphosphate, 3-phosphoglyceric acid, and phosphoenolpyruvate during the rapid rise in respiration in both ethylene and cyanide-treated fruits is similar to that found in fruits made anaerobic where a 2.3-to 3-fold increase in the rate of glycolysis is observed. It is suggested that both during the climacteric and in response to cyanide, glycolysis is enhanced. It is proposed that cyanide implements the diversion of electrons to the cyanide-resistant electron path through structural alterations which are independent of the simultaneous inhibition of cytochrome oxidase.
The sharp rise in respiration, the climacteric, which attends the ripening of certain fruits, has been attributed alternatively to a decrease in the "organization resistance" of the cell (11, 27) and to an increase in protein synthesis, particularly to the synthesis of one or more enzymes putatively involved in the ripening process (1, 17, 36) . Ethylene is considered to be the agent that triggers the climacteric and fruit ripening (34) . It is questionable whether protein synthesis constitutes a requisite for the climacteric rise, because the stimulation of glycolysis in preclimacteric fruits by anoxia (11) , the acceleration of respiration in preclimacteric slices by uncouplers of oxidative phosphorylation (33) , the demonstration of full respiratory capacity of isolated mitochondria from preclimacteric tissue (29) , and the development of the climacteric under conditions which may be thought to preclude synthesis of protein (18, 31, 42) , all indicate that the enzymatic capacity of preclimacteric fruits may be adequate to sustain the rates of respiration observed at the height of the climacteric.
It has been observed in recent years that during the climacteric, glycolytic intermediates show a pattern similar to that found in plant and animal tissues and yeast when glycolysis is enhanced, and which reflects the activation of two regulatory enzymes, namely PFK2 and PK (5, 6, 15, 28) . On these observations it has been suggested that glycolysis is accelerated in the course of the climacteric rise in respiration (6, 15, 40) . However, activation of glycolysis per se cannot be the cause of ripening or even of the climacteric, because anaerobiosis, while enhancing glycolysis in avocados (see below) and apples (11) , prevents ripening, and uncouplers of oxidative phosphorylation, which enhance respiration and presumably glycolysis in banana slices, neither accelerate ripening nor inhibit it when ripening is induced by ethylene or occurs naturally (31, 42) . Furthermore, the postulated augmentation of glycolysis during the climacteric cannot be attributed to uncoupling of oxidative phosphorylation, for both the rates of 32P esterification and the levels of ATP increase during the climacteric in a variety of fruits (38, 43) . Because enhancement of glycolysis appears to attend ripening under conditions which normally call for its diminution, i.e. where there is an elevation in energy charge (2, 43) , and because the fruit-ripening hormone, ethylene, enhances glycolysis in yeast (41), we undertook to study, in addition to the effect of ethylene on glycolysis, the effect of cyanide on both glycolysis and ripening; because on the one hand, cyanide is known to induce aerobic fermentation in a variety of tissues (26) , and on the other hand, cyanide enhances respiration of preclimacteric avocado slices without, at the same time, affecting the rate of "3P esterification (30) . The latter is known to be reduced greatly by conventional uncouplers of oxidative phosphorylation (43) . Thus, in the case of avocados, cyanide appears to simulate neither conventional uncouplers of oxidative phosphorylation nor anaerobiosis, and thus it was anticipated that cyanide might increase the respiratory activity of intact avocados and also initiate ripening.
MATERIALS AND METHODS
Hass avocado (Persea americana) fruits, collected either from the University or private orchards in Los Angeles, were used except for one experiment in which the Fuerte variety was used.
The fruits were put singly into 2-liter respiratory jars at 20 C through which a stream of air was passed over the fruits at a rate of 60 ml/min. The rates of 02 uptake and CO2 output were recorded with both a Beckman paramagnetic oxygen and an infrared CO2 analyzer, respectively. One ml of gas, withdrawn from the effluent air stream, was used for the gas chromatographic estimation of ethylene, using a 90-cm activated alumina column. Phosphate esters were extracted as previously reported (4 (37) .
RESULTS
Changes of Glycolytic Intermediates during the Climacteric. In avocado fruits, G6P, 3-PGA, and PEP were found consistently to be in much higher concentrations than was FDP. The levels of FDP in preclimacteric fruits varied from 0.2 to 0.9 nmoles/g fresh weight. None of the above metabolites showed appreciable changes during the preclimacteric, regardless of its duration. In Figure 1 , the levels of glycolytic intermediates are plotted in relation to the rates of fruit respiration as a function of time during the course of the climacteric. During the climacteric, PEP falls sharply and G6P is halved (Fig. 1) . The most pronounced changes, however, are shown by FDP, whose level rises 10-fold during the rise in respiration. Similar increases in FDP have been reported previously for climacteric bananas (6, 40) and tomatoes (15 The rates of CO2 production quoted in Table I are those observed at the end of the experimental period. Anoxia causes an increase in lactic acid (Table I ) and its rate of production varies with the fruit from 390 to 670 nmoles/g fresh weight-hr. If it is assumed that CO2 arises from pyruvate decarboxylation 507 and if both alcohol and lactate are considered in terms of CO2 equivalents, then the total rate of carbon flux under anaerobiosis is equivalent to about 105 to 150 ,u of COJ/g fresh weight-hr (Table I) . Thus, on the basis of the CO2 evolved or potentially evolved, there is a 2.3-to 3-fold increase in the rate of carbohydrate breakdown by preclimacteric avocados under anoxia, as compared with that in air. Table II presents thetically, the levels of 3-PGA and PEP invariably change in parallel (Fig. 4) . Thus, in Table I , the relative changes in 3- PGA are taken to indicate those of PEP as well. In Table II , G6P tends to increase slightly in anoxia in contrast to its sharp fall during the climacteric (Fig. 1) . The variety Fuerte, rather than Hass, was used in this experiment, which may account for the difference. More important, however, is the fact that the increase in G6P is 2-fold at most, as compared with a 10-to 50-fold increase in FDP. Anaerobiosis induces a similar pattern of changes in the glycolytic intermediates in a variety of higher plant tissues (5, 28) . The present data establish a relationship between glycolytic activity and the pattern of changes in the glycolytic intermediates in avocados. They also show that the glycolytic enzymatic potential of preclimacteric avocados is sufficient to sustain rates of respiration evinced at the climacteric. Furthermore, the pattern of changes in the glycolytic intermediates suggests a similarity between the stimulation of glycolysis in anoxia and under aerobic conditions in the course of the climacteric rise.
Cyanide. Cyanide gas at 400 FLI/l in air induces an increase in the rate of oxygen uptake within 1.5 to 2 hr, closely followed by a rise in ethylene production (Fig. 2) , and eventual ripening. However, the initial amounts of ethylene evolved are not sufficient to induce the observed rise in respiration within such a brief period. Thus, even after some 10 hr, the rate of ethylene evolution is but 0.2 ,ul/kg fresh weight hr. By use of a factor derived by Burg and Burg (13) , an internal concentration of 0.36 1Ld/l can be calculated which, although biologically active, is not sufficiently high to increase the rate of respiration in a short time. Furthermore, in the first 2 hr or so, the level of ethylene is actually below the threshold level (0.1 ,ul/l) for the induction of the climacteric rise. Cyanide appreciably inhibits the peak values of ethylene production, (Fig.  3) though it is to be noted that the values of ethylene production in the presence of cyanide finally reach levels in excess of those required to induce fruit ripening. The respiration of cyanidetreated avocados rises gently through 10 to 15 hrs, after which the rate increases sharply (Fig. 2) . With the upward inflection of the respiration rate, there is a pronounced change in the levels of glycolytic intermediates in response to cyanide (Fig.  4) . PEP (5, 24, 28) . In most cases involving higher plant tissues, yeast and animal tissues, the G6P to F6P, and 3-PGA to PEP, enzymatic steps remain close to their theoretical equilibrium in both air and nitrogen, whereas the F6P to F16P and PEP to pyruvate, steps are always greatly displaced from equilibrium (5, 23, 28) . In these latter steps, crossover changes between substrate and products occur during the transition from air to nitrogen. The inverse pattern of changes between the substrates and products of PFK and PK in response to an acceleration of the overall glycolytic flux is taken to indicate that the two enzymes are rate-determining in the overall sequence (16, 19) .
Climacteric Avocados. The similarity in the pattern of changes of glycolytic intermediates in anaerobic and climacteric avocados indicates that glycolysis is activated during the climacteric. However, while activation of glycolysis under anoxia can be explained in terms of a decrease in the energy charge (2), the energy charge actually increases during the climacteric of avocado (43) .
Therefore, the factor(s) which enhance(s) the rate of glycolysis during the climacteric cannot be thought to reflect the evocation of a conventional Pasteur effect, as in the case of anaerobiosis. It has been pointed out that activation of glycolysis during the climacteric of avocados is associated with an increase in the energy charge (43) , which would be expected normally to decrease the rate of glycolysis. This acceleration of glycolysis must be due to an effect on some regulatory parameter other than energy charge. The climacteric occurs in fruits which differ widely with respect to their physiological properties, growing conditions, and composition. The common feature they all share is their ability to produce ethylene and to respond to exogenous ethylene. However, ethylene increases the respiration of nonclimacteric fruits e.g. citrus, rin tomatoes, (22, 36) and other plant tissues where ripening is not at issue, such as potato tubers (35) . In addition, ethylene enhances fermentation in yeasts (41) . For this reason, the stimulatory effect of ethylene on glycolysis and aerobic respiration must be viewed as a fundamental process independent of ripening.
Although, on the basis of the available experimental evidence, it is not possible to identify with certainty either the site or the mechanism of ethylene action on the respiratory metabolism of plant tissues, certain deductions seem warranted. The postulated enhancement of glycolysis during the climacteric is evidently not the result of an increase in enzyme content, because preclimacteric avocados possess the necessary glycolytic capacity to sustain the rates evinced at the climacteric peak (Table I) . It is rather the result of the manifestation of pre-existing enzymatic capacity. Ethylene is not known to act in vitro as an enzyme modulator (1). Burg and Burg (14) have compared the biological effectiveness of ethylene and compounds acting like ethylene with their olefin-silver-complexing constants, and have suggested that ethylene exerts its biological activity through its ability to complex with metals. The fact, that agents which are not known to complex with metals initiate ripening, indicates that the metal-complexing characteristics of ethylene may not be critical in inducing the rise of respiration and ethylene production during the climacteric (42) . It is known that permeability of fruit tissue increases during ripening (8, 39) , and that in bananas, moreover, this increase occurs prior to the climacteric onset (39) . Differences in experimental conditions and possibly the difficulty of detecting subtle permeability alterations in biological membranes may account for the failure to observe initial permeability changes in banana slices (12) . In the light of the above discussion and the observation that ethylene perturbs biological membranes in vitro (32), we suggest that ethylene sufficiently alters certain elements of cellular organization to remove regulatory restraints on given metabolic pathways. Ethylene, by its effect on cellular structure, activates pre-existing respiratory potential. The observed activation of PFK and PK during the climacteric can be seen as the result of the cellular redistribution of various enzyme modulators, mainly ions. FIG. 4 . Course of oxygen uptake and the levels of glycolytic intermediates in avocados treated with cyanide gas. Cyanide 400 ,ul/ where indicated. (Fig. 4) . However, cyanide accelerates aerobic respiration as well. The existence of a cyanide-insensitive by-pass in certain plant tissues, which branches from the conventional electron path on the substrate side of Cyt b and is neither coupled to phosphorylation nor controlled by energy charge (3, 7) , allows for enhanced rates of electron transport in the presence of cyanide. Such enhancement demands that phosphorylation at site I be more intense in connection with the by-pass, i.e. in the presence of cyanide, than in the control. Although the efficiency of oxidative phosphorylation in the presence of cyanide is diminished, the absolute levels of ATP may remain unchanged, or may even increase because of the 3-to 4-fold increase in the rate of electron transport. A case in point is the observed failure of both cyanide and azide to decrease the rate of32P esterification in preclimacteric and climacteric avocado slices (30) . This feature of cyanide-resistant respiration distinguishes the cyanide-evoked from uncoupler-evoked glycolysis in avocado fruit.
It has been suggested that cyanide diverts electrons to the alternate path by preventing their flow through the normal Cyt oxidase-mediated path (3) . CO, at concentrations as low as 1 %, which have no effect on Cyt oxidase, induces the climacteric in banana slices and other fruits (42) . This indicates that cyanide may exert an effect apart from terminal oxidase inhibition. That is, cyanide may activate glycolysis and affect the diversion of electrons from the conventional respiratory carriers to the by-pass by inducing subtle changes in cellular or organelle organization. Certain lines of evidence indicate that the bridge to the cyanide-insensitive electron transport path may be "loosely" connected in mitochondria. Thus, in isolated mitochondria of both potato and avocado, cyanide totally inhibits oxygen uptake (10, 20) , whereas in the intact tuber and fruit respectively, cyanide elicits an increase in the rate of respiration (21 and Fig. 2 ). In these tissues the process of isolating mitochondria destroys the capacity for cyanide-resistant electron transport. Furthermore, the slicing of potato tubers results in supplantation of cyanide-stimulated tuber respiration by cyanide-sensitive fresh slice respiration (20) . Slicing is known to lead to significant breakdown of phospholipids and presumably the link to the cyanide-resistant by-pass i-s lost in the process (25) . Aged potato slices are once again cyanide-resistant (20) , the link presumably being re-established in connection with phospholipid and membrane resynthesis. In the light of this evidence it is proposed that cyanide implements the diversion of electrons to the alternate path by directly affecting the latter, or the link thereto, independent of the simultaneous inhibition of Cyt oxidase.
Additional evidence for the dual role of cyanide is its effect in inducing ethylene production. There is no reason to believe that cyanide acts either as an inducer or modulator of enzymes involved in ethylene production. We feel that cyanide exerts its effect by interference with cellular organization, more particularly, perhaps, with membrane organization, and hence, with metabolic regulatory restraints associated with cellular integrity. In this respect, cyanide and other mimics of ethylene may simulate ethylene in implementing fruit ripening. Since the rise in respiration induced by cyanide is ultimately attended by ethylene production, it is an open question whether cyanide induces ripening by itself or in connection with ethylene which it engenders.
Climacteric and Ripening. The stimulation by ethylene of glycolysis in avocados during the climacteric is by a mechanism different from that attending anaerobiosis or the use of uncouplers. It seems unlikely that the increase in the rate of respiration is due to the increased rate of pyruvate production. The augmentation of both glycolysis and respiration is more likely due to a common cause reflected in the release of regulatory restraints on both processes, and ethylene is normally the agent which effects this activation. The question which now arises is whether the augmentation of both glycolysis and electron transport per se can implement ripening. The answer is no. On the one hand, uncouplers of oxidative phosphorylation, which stimulate electron transport and presumably glycolysis in preclimacteric banana slices, fail to enhance ripening, while on the other hand, uncouplers do not prevent ripening when it is engendered with ethylene or CO. Ripening is characterized by metabolic conditions which transcend the mere enhancement of electron transport and the respiratory climacteric may be a symptom rather than a cause.
It is widely reported in the literature that ethylene production and ripening are critically dependent on oxidative phosphorylation (1, 36) . However, the fact that cyanide in avocados (Fig.  3) and uncouplers in banana slices fail to interfere with the production of biologically active amounts of ethylene and with ripening indicates that with enhanced electron transport, substrate-level phosphorylation is adequate to sustain ethylene production and the overt changes in ripening of avocados and bananas.
